Determination of laser frequency with high resolution under continuous and abrupt tuning conditions is important for sensing, spectroscopy, and communications. We show that a single microresonator provides rapid and broadband measurement of optical frequencies with a relative frequency precision comparable to that of conventional dual-frequency comb systems. Dual-locked counterpropagating solitons having slightly different repetition rates were used to implement a vernier spectrometer, which enabled characterization of laser tuning rates as high as 10 terahertz per second, broadly step-tuned lasers, multiline laser spectra, and molecular absorption lines. Besides providing a considerable technical simplification through the dual-locked solitons and enhanced capability for measurement of arbitrarily tuned sources, our results reveal possibilities for chip-scale spectrometers that exceed the performance of tabletop grating and interferometer-based devices.
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F requency-agile lasers are ubiquitous in sensing, spectroscopy, and optical communications (1) (2) (3) . Measurement of their optical frequency for tuning and control is traditionally performed by grating and interferometer-based spectrometers, but more recently these measurements have made use of optical frequency combs (4) . Frequency combs provide a remarkably stable measurement grid against which optical signal frequencies can be determined subject to the ambiguity introduced by the equally spaced comb lines. The ambiguity is resolved for continuously frequency-swept signals by counting comb teeth (5) relative to a known comb tooth; this method has enabled measurement of remarkably high chirp rates (6) . However, many signal sources will experience intentional or unintentional frequency jumps. Here, the ambiguity can be resolved using a second frequency comb that has a different comb line spacing so as to provide a frequency vernier scale for comparison with the first comb (7) (8) (9) . This vernier concept is also used in dualcomb spectroscopy (10, 11) , but in measuring active signals the method can be enhanced to more directly (and hence quickly) identify signal frequencies through a signal correlation technique (9) . Moreover, continuous as opposed to discretely sampled frequencies are measured in the active approach. The power of the vernierbased method relies on mapping of optical comb frequencies into a radio-frequency grid of frequencies, the precision of which is set by the relative line-by-line frequency stability of the two frequency combs. This stability can be guaranteed by self-referencing each comb using highstability radio-frequency sources, or through optical locking of each comb to reference lasers.
We demonstrate a broadband, high-resolution vernier microresonator soliton spectrometer (MSS) using a single miniature comb device that generates two mutually phase-locked combs. The principle of operation relies on an optical phaselocking effect observed in the generation of counterpropagating solitons within high-Q (highquality factor) whispering gallery resonators (12) . Soliton generation in microcavities is being studied for miniaturization of complete comb systems to the chip scale, and these soliton microcombs have now been demonstrated in a wide range of microcavity systems (13) . It has been shown that counterpropagating solitons can have distinct, controllable repetition rates and that their underlying comb spectra can be readily phaselocked at two spectral points (12) . This mutual double-locking creates line-by-line relative frequency stability for the underlying microcomb spectra that is more characteristic of fully selfreferenced dual-comb systems. The resulting vernier of comb frequencies in the optical domain maps to an exceptionally stable radio-frequency grid for implementation of the spectrometer.
The spectral relationship of the double-locked clockwise and counterclockwise (CW and CCW) solitons reveals the inherent optical frequency vernier ( Fig. 1A) . A single laser source is mod-ulated ( Fig. 1B) to produce the two mutually coherent pump lines at order m = N with frequency separation Dn (MHz range). The distinct pump frequencies cause the soliton repetition rates to differ by Df r as a result of the Raman self-frequency shift (12, (14) (15) (16) (17) . The CW and CCW combs will experience frequency locking (induced by optical backscattering) at order m = 0 for certain pumping frequencies (12) . This locking requires that Dn = NDf r . Also, because the two pump frequencies are derived from radiofrequency modulation of a single laser source, they have a high relative frequency stability (Dn is very stable) and are effectively locked at order m = N. This double locking sets up a stable vernier in the respective soliton comb frequencies. The counterpropagating solitons are generated in a high-Q silica microresonator with a diameter of 3 mm and a soliton repetition rate of 22 GHz (18) . Details of the soliton generation process can be found elsewhere (12, 19, 20) . Typical optical spectra of CW and CCW solitons span the telecommunication C-band (Fig. 1C ).
The spectrometer operates as follows. A test laser frequency f L is measured according to f L = nf r1,2 + Df n1,2 + f 0 , where n is the comb order nearest to the laser frequency, f r1,2 are the comb repetition rates, Df n1,2 are the heterodyne beat frequencies of the test laser with the two frequency comb teeth at order m = n, and f 0 is the frequency at m = 0. We measure f r1,2 and Df n1,2 by co-detection of the combs and the test laser to produce the electrical signals V 1,2 in Fig. 1B . Fast Fourier transform (FFT) of V 1 V 2 gives the spectral line at nDf r (Fig. 1D ) using the correlation method (9) and in turn the order n (21); f 0 can be determined by applying this procedure to the reference laser frequency f ref (stabilized using an internal molecular reference). All of these data inputs are automatically processed to measure f L .
As a preliminary test, the frequency of an external-cavity diode laser (ECDL) is measured and compared against a wavemeter. Figure 1 , D and E (n = 54), show data from this measurement. The real-time measured wavelength of the laser (Fig. 1F ) fluctuates within ±0.02 pm over a time interval of 5 ms. The measurement was repeated from 1545 to 1560 nm with residual deviations less than 0.1 pm versus the wavemeter measurement ( Fig. 1G) . These deviations are believed to be limited by the wavemeter resolution (±0.1 pm). The systematic uncertainty of absolute wavelength in the current setup is set by the reference laser to around ±4 MHz (±0.03 pm).
The large, microwave-rate free spectral range (FSR) of the MSS enables tracking of lasers undergoing fast chirping or discontinuous broadband tuning. Although correlation is performed with a time interval T W = 1/Df r , the instantaneous frequency of the laser relative to the combs can be acquired at a much faster rate set by the desired time bandwidth-limited resolution. To avoid aliasing of the correlation measurement (i.e., to determine n uniquely), the amount of frequency chirping should not exceed the repetition rate f r within the measurement window T W , which imposes a maximum resolvable chirping rate of f r × Df r . This theoretical limit is 1 PHz/s for the MSS and represents a boost of two orders of magnitude relative to previous vernier spectrometers (9) .
Measurement of rapid, continuous tuning of an external-cavity diode laser is shown in Fig. 2A . The correlation measurement evolves as the laser is tuned over multiple FSRs of the comb and thereby determines the index n as a function of time ( Fig. 2A, top) . Measurement of the linear frequency chirp (-12.4 THz/s) as well as the frequency versus time at high resolution (by subtracting the average linear frequency ramp) are shown in Fig. 2A , middle and lower panels, respectively. The discontinuities in the measurement are caused by electrical frequency dividers used to reduce the detected signal frequency for processing by a low-bandwidth oscilloscope (21) . The dividers can be eliminated by using a faster oscilloscope. Figure 2B shows measurement of broadband step tuning (mode hopping) of an integrated ring resonator-tunable III-V/silicon laser diode (22) . We observed fast step tuning between 1551.427 nm and 1557.613 nm every 1 ms, with the corresponding index n stepping between n = 64 and n = 29. The lower panel in Fig. 2B gives a higher-resolution view of one of the step regions. The data points in these measurements are acquired over 1 ms, so the resolution is approximately 1 MHz.
This combination of speed and precision is also useful for spectroscopic measurements of gas-phase chemicals using tunable, single-frequency lasers. To demonstrate, an absorption line of H 12 C 14 N at 5 torr is obtained by a scanning laser calibrated using the MSS (Fig. 2C) . The linewidth is around 2.6 GHz and the absorbance is as weak as 0.12 dB. Separate measurements on vibronic transitions between the ground state and 2n 1 states were performed. The corresponding transition wave numbers obtained by pseudo-Voigt fitting are in excellent agreement with the HITRAN database ( Fig. 2D) (23) .
To illustrate a measurement of more complex multiline spectra, a fiber mode-locked laser (FMLL) is characterized (Fig. 3A) . The FMLL full spectrum ( Fig. 3B) extraction procedure was modified to enable unique identification of many frequencies (21) . The reconstructed FMLL spectrum measured using the MSS is plotted in Fig. 3C . In an additional study of the FMLL, the MSS was used to measure six groups of lines, closely spaced in frequency, located at various spectral locations spanning 2500 FSRs of the mode-locked laser (Fig. 3D) . A linear fitting defined as f m = f o + mf rep is plotted for comparison by using the photodetector-measured FMLL repetition rate f rep = 249.7 MHz where m and f o represent the relative mode index and fitted offset frequency at m = 0, respectively. The residual deviation between the measurement and linear fitting is shown in Fig. 3E and gives good agreement. The slight tilt observed in Fig. 3E is believed to result from drifting of soliton repetition rates, which were not monitored in real time. Also, variance of residuals within each group comes from the 300-kHz linewidth of each FMLL line. Drifting of the reference laser and FMLL carrierenvelope offset also contribute to the observed residuals across different measurements. Our soliton spectrometer uses dual-locked counterpropagating soliton microcombs to pro-vide high-resolution frequency measurement of rapid continuously tuned and step-tuned lasers as well as complex multiline spectra. In combination with a tunable laser, the spectrometer also enables precise measurement of absorption spectra including random spectral access (as opposed to only continuous spectral scanning). Further optimization of this system could include generation of solitons from distinct mode families, thereby allowing repetition rate offset by tens of MHz (24) . If such solitons can be dual-locked, the increased acquisition speed would enable measurement of chirping rates much faster Yang than 1 PHz/s. Operation beyond the telecommunications band would also clearly be useful and could use internal (25) or on-chip spectral broadeners (26) , and methods for generation of soliton microcombs into the visible band are possible (27) . Besides the performance enhancement realized with the soliton microcombs, the use of dual-locked counterpropagating solitons provides a considerable technical simplification by eliminating the need for a second mutually phaselocked comb. Finally, chip-integrable versions of the current device employing silicon nitride waveguides are possible (28) . These and other recently demonstrated compact and low-power soliton systems (29, 30) point toward the possibility of compact microresonator soliton spectrometers.
